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DETERMINATION OF FLAME TEMPERATURES FROM 2000° TO 3000° K
BY MICROWAVE ABSORPTION

By Perry W. Kuhns

SUMMARY

Equations are derived for the measurement of flame temperatures
from the attenuation of a microwave beam by temperature-induced free
electrons from chemical elements introduced in the flame. Corrections
are developed to account for the electron distribution in the flame.
Procedure for obtaining the temperature from ebsorption is outlined-

The free electron collision frequency and an effective ionization
potential for four alkali elements were determined experimentally. The
data were taken on a gas burner with a temperature range from 1900° to
2400° K. The effective ionization potential of sodium agrees with the
spectral-line 1imit value. From these experimental ionization potentials
and the experimental collision frequency, an accuracy of +60° K in the
temperature was obtained.

Fluctuating and average temperature data of a liquid propellant
burner are presented primsrily from 1l.25-centimeter-wavelength microwave
measurements in comparison with simultaneous two-color pyrometer and
sound intensity measurements in the region from 2200° to 2900° K.

INTRODUCTION

Present experimental work on rockets and Jet engines has shown the
need for a method of measuring gas temperatures above 2000° K. Such a
method to be practicable must be relatively insensitive to conditions
outside the fleme region of interest and to varliations in gas flow.
Because of the temperatures involved, such a method should not necessi-
tate the presence of devices in the flame 1ltself. Among such methods
presently avallable are the sodium-line reversal, the "two-color" sys-
tems, the infrared and the ultraviolet radiation methods, and the method
meking use of temperature-dependent attenuation of radiation in the

microwave region.
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The microwave attenuation method is dependent upon the absorption
of electromagnetic waves by temperature-induced free electrons. The
electron density, and thus the gbsorption power, is a function of the
gas temperature. In most flemes 1t 1s necessary to add an alkalil salt
of low lonizatlon potential to supply sufficlent free electrons.

Belcher and Sugden (refs. 1 and 2) used microwave absorption to
determine the electron density in a study of the ionization of alkali
salts 1n a fleme. They concluded that deviaetions of electron density
from the values calculated from Saha's equation could be explained by
reactions producing alkali hydroxide and oxlde compounds, and the
production of electron acceptors. Rudlin (ref. 3) presented dats showing
the variation of attenuation with f£lame temperature in the reglon of
1900° to 2500° K and concluded that the attenuation was substantially

independent of the hallde component of tThe salt used.

The present work is concerned with (1) the determination of the
collision frequency of free electrons in a flame, (2) the estimation of
the effect of nonequilibrium and flame chemistry upon the effective
ionization potential of the alkali element, (3) the extension of the
idealized infinite-sheet formula to the case of attenuation of a micro-
wave beam by a finite cylindrical flame, (4) the estimation of sensitiv-
ity of the attenuation measurement to variations in flame parameters
such as tempersature, flame size, gas flow, and salt concentration, and
(5) the applicebility of an instrument for the measurement of average
flame temperatures and of time-fluctuating fleme temperatures.

Microwave attenuation readings were taken on & blast burner for two
wavelengths at temperatures between 1900° and 2400° X in conjunction with
sodium-line reversal temperature measurements 3 and on a liquid propellent
burner at temperatures between 2200° and 2900° K in conjunction with
sodium-line reversal or two-color pyrometer measurements. Measurements
of flame-tempersture fluctuations on the ligquid propellant burner were
taken with K-band microwaves in conjunction with two-color pyrometer and

sound-intensity measurements.
THEORY
Unbounded Absorber

Electromegnetic waves passing through an unbounded isotropic medium
of free charged particles are sttenuated exponentially:

P=P e-TZ = P e"A (l)
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From classical electromsgnetic theory (refs. 4 and 5 and appendix
B), it is found that T, expressed in decibels per centimeter, may be
closely approximated by:

0.455

. ST (2)
w +g

where n 1s in electrons per cubic centimeter and w and g are in

reciprocal seconds.

Margenau (ref. 6), using an energy-distribution equation instead of
the mono-energic differential equation, obtains substantially-the same
equation in the region of radiation frequency and electron density of
interest as was obtained in this paper.

In equation (2), g is a viscous damping factor due to the colli-
slons between electrons and molecules. With the use of equation (2),
the value of g can be determined experimentally by simultaneous meas-
urements of the attenuation at two wavelengths

(3)

This method wes used to determine g in this report. Classical theory
sets g equal to the electron-molecule collision frequency (refs. 1, 2,
end 4) which is found from the kinetic theory of gases (ref. 7) as:

ELS
g = 0 Az (4)

Additional demping due to ion-electron collisions was calculated from
the formula of Smerd and Westfold (ref. 8) and was found to be negligible.

The electron density n of equation (2) can be determined from
Saeha's equation (refs. 7 and 9, and appendix C) assuming a single alkali
salt in an electrically neutral flame:

2 5040 q.
log §:E = log f = 15.385 + 3 log T - ———T——i (5)

2
where n and N are in reciprocal cubic centimeters, g3 is in electron

volts, and T is in degrees Kelvin. A graph of n/N against log f/N
is given in figure 1. In the region log f/N < -2, n/N=4/f/N.
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From equations (2) and (5) the variation of the attenuation coeffi-
cient v with temperature T may be obtalned. This is demonstrated in
figure 2 where the variation of y with T is shown for different con-
centrations of sodium salt and for the K-band microwaves.

It is seen from figure 1 that almost gll atoms are ionized when
log f/N > 1. Above this value the change in attenuation with temperature
becomes negligible. The temperature at which f/N = 10 may be described
as the upper limit of usefulness of thls method for measuring the tem-
perature of unbounded flames. In addition, there is an instrument 1imi-
tation in detecting microwave power which sets practical limits on the
appliceble electron density at 3x10Y1/R < n< 3x1015/R, when R is in
centimeters n 1s in reciprocal cubic centimeters.

In the case of disequilibrium, Saha's equation may still be used if
a changed ionization potential is assumed. Belcher and Sugden (refs. 1
and 2) have demonstrated the disequilibrium effects and have proposed
slde reactions which will modify Saha's equation in a complex way.
Asguming for simplicity that the only change teking place is in the ilon-
ization potential, then in the region f£/N << 1 the relation between
two jonization potentials and the corresponding attenuation coefficients
(from eqs. (2) and (S)) is: : )

2520( - )
log rl/rz = qil; Y11 (6)

The deviation of the experimentally obtalned ionization potential from
the spectral-line limit value ig a measure of the effect of disequilib-

rium on the ionization process.

Finite Absorber

In equation (2) the absorber is considered unbounded. Since the
flame is of finite size, however, two effects will take place: (1)
internal reflections due to the discontinuity et the flame boundary (ref.
4), and (2) the effect due to the electron distribution in and the finite
circular geometry of the attenuator. The first of these effects was
checked theoretically by use of the equations in reference 4 and experi-
mentally by measurements of the reflected beam intensities; the effect
was found to be negligible. However, the effects of electron distribu-
tion, a finite cylindrical absorber, and a finite beam cannot be

neglected.
Assuming a cylindrically symmetric attenuator traversed normally by

a beam of square symmetry, the corrected attenuation coefficient Ao, a8
a function of the parameters y and x/R, is defined by:
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total transmitted power
Ag = 2Rr¢e = -10 108 — a7 T aent power (7)

where A, is in decibels, X 1is one-half the mean width of the micro-
wave beam, and R 1s the specific measured radius as shown in figure 3.

The corrected attenuation was calculated assuming the electron
density to be a functlon of the flame radial distance. Shown in fig-
ure 3(a) is the electron density distribution for the specific case of
the blast burner determined from electrical probe and corrected thermo-
couple probe measurements. Filgure 3(b) shows a more general case assumed
for a turbulent flame in thermal equilibrium. The microwave beam power
pattern used 1s shown in figure 4, as determined by actual measurements
for a beam emansting from a double concave lens and horn combinstion.
This pattern was found to have almost the same shape in both the E and
the H planes. The center line of the microwave beam was assumed to
pass through the center of the cylinder and the direction of propagation
was teken as normal to the axis of cylindrical symmetry. Because of the
complexity of the problem, the integration was done numerically. The
flaeme wldth, beam width, and flame conductivity are fixed by the f£lame
geometry and by, the given values of the parameters A and E/R. The
quantlty A 1s determlined by assuming a homogeneous distribution of salt
and a uniform temperature. The curves in figure 5 correct the attenua-
tion for both the salt distribution and the flame geometry. The result-
ing relation smong A,, A, and X/R is shown in figure 5.

For the finite absorber, the value of f/N for the upper limit of
usefulness for temperature messurement is more complex than the 1imit for
an infinite ebsorber. A falr approximation teken from plotting corrected

attenuation curves may be given as f£/N = 10

Temperature Measurement Sensitivity

With the insertion of values in the equations shown in appendix D,
it was found that in the region used the sensitivity of the Instrument
to temperature was 4 to 15 times lerger than the sensitivity to any other
flame parameter such as flame radius, salt flow, flame velocity, or beam
size. Since the coefficients B and C_ (appendix D) as shown in fig-
ure 6 are larger for greater values of x/R, the final effect is to lower
the temperature sensitivity as 'E/R increases until, in the region
X/R = 1.8, the instrument is no longer a good temperature-sensing device.

Because of the similerity in slope and spaclng of the correctlon
curves in figure 5, the parameters B and C derived from figure 5(Db)
may also be employed to estimate the sensltivity of the temperature meas-
urements on the blast burner flame.
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: If a temperature thange AT reather than the gbsolute temperature
T 1is to be measured, an gpproximate expression for the uncertainty in
such & measurement is given by:

A=z Sﬁ’“—(&c) (8)

More exact expressions for this uncertainty are given in appendix D.

T1NQ

To simplify the reduction of data, an additional requirement for
the measurement of fluctuating temperatures is that the change in inten~
slty wlth temperature change be as linear as possible over the tempera-
ture range. The extent of this linearity is demonstrated in figure 7
where graphs of the attenuation as a function of temperature are plotted
for five elements.

The response of the system to time-fluctuating temperatures will
depend upon the frequency and the velocity of propagation of these fluc-~
tuations. Assuming that the attenuation fluctuatlion moves at the gas-
stream velocity u and varies sinusoidally with time at frequency v,
the frequency vy at which the indication of amplitude of the alternat-

ing components of power will be reduced 1 declbel is given by:

v = 0.18 (9)

Klie

EXPERIMENTAT, METHODS
Procedure for Temperature Measurement

Attenuation readings were taken of the £lame with and without a
known amount of salt added. If the attenuation without added salt could
not be neglected (which happened only with the alcohol-oxygen flame),
the attenuation with added salt was corrected by means of equation (ca2).
The temperature was found graphically from curves of attenuation against
temperature obtained from equations (5) and (2) and figures 1 and 5. An
example showing the steps used may be found in appendix E.

Instrumenteation

A schemstic diagrsm of the measuring system is shown in figure 8.
The microwave generator for the X-band measurements was a U.S. Navy
TS-120 test set containing a 725-A/B Klystron oscillating at 9650470 .
megacycles. The microwave generator for the K-band measurements was
a power supply of NACA construction with a 2K 33 Klystron oscillating at
27,600+100 megacycles. The reflector voltages of both Klystrons were

modulated.
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Measurements of the beam intensity patterns showed that in order to
make the system applicable to flames of the size used, it would be nec-
essary to narrow the beam by means of double-concave metal converging
lenses. The lenses used were of aluminum sheet in Lucite holders, de-
signed from information in reference 10. The values of X obtained were
1.8 centimeters for the K-band and 3.2 centimeters for the X-band. The
distance between lenses was approximately 40 centimeters, with the fleame
mldway between lenses. Attenuation of the beam by ionized flames did
not change the voltage standing wave ratio by any detectable smount.

Silicon diode crystals were used as square-law detectors. A 1N26
crystal was used for the K-band (1.25-cm wavelength) and a 1N23 crystal
for the X-band (3-cm wavelength) measurements. Two methods were used at
various times for measuring the crystal outputs: a tuned voltmeter
reading in decibels (with 1 kilocycle modulation on the Kilystron) for
measuring mean temperatures; and an amplifier, band-pass filter, and
cathode ray oscilloscope system (with 20-kilocycle modulation on the
Klystron) for recording varying flame temperatures.

Blast-Burner Tests

A blast burner which burned propane-air-oxygen mixtures was used
for the experiments. By varylng the fuel-oxidant ratio- the temperature
could be varied from 1900° to 2500° K. The burner was mounted on &
large optical bench in such a way that it could be moved to intercept
elther the K-band or the X-band beams.

The alkali elements were introduced as water solutions of halide
salts 1n a fine spray at the base of the flame. Readings of attenuation
by the flame were made with and without the spray. The atomic flow rate
was found by measuring the welght of the solution used over a given
period of time, the flow rate being kept constant. The flame volume flow
rate was found from integrations of total-pressgure measurements taken
across g number of flames. The average atomic density was obtained by
dividing the atomic flow rate by the flame volume flow rate. As the
salt was not uniformly distributed throughout the fleme, a method was
devised by which the magnitude and the shape of the electron density
curve in the reglon below 2100° K could be estimated. An ionization -
probe with a separation of 2 centimeters between poles was moved through
the fleme and both current and voltage were measured; from reference 11,
n o« i/UeV. Because of the unknown values of electron mobility and field
strength only the relative electron densities could be determined. At
the same time, thermocouple temperature measurements were taken to deter-
mine the relative temperature profile of the flame. To correct for radi-
ation effects, the thermocouple readings were raised until the peak
reading equaled the sodium-line reversal temperature. From these data a
curve of the relastive atomic demsity could be obtained. By integrating
and normalizing this curve over the flame cross section, a value was
obtained for the ratio of.the peak electron density to the average
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electron density computed from the salt flow rate for the assumption of
uniform temperature and salt distribution.

The width of the flame was measured in three different ways: (1)
by means of a platinum probe connected to a commercial electronic switch
which closed when the resistance between the probe ends was less than
2 megohms; (2) from total-pressure measurements with a probe; and (3)
by means of a salt-coated pyrex tube, the salt being melted from the
tube when placed across the flame.

To ascertain the temperature of the flame by the sodium-line re-
versal method (ref. 12), the sodium was introduced as NaNOz powder at

the f£lame base.

The blast burner was used to determine the electron collision fre-
quency by use of equation (3) and the ionization potentials by use of
equation (6) and to check the correction technique.

Liquid-Propellant Burner

A photograph of the apparatus in the burner cell is shown in fig-
ure 9.

The propellants (alcohol-oxygen, and heptane-oxygen that contained a
small emount of turpentine) were ignited in a tube 5.1 centimeters in
diameter which was open at one end. The temperature range of 2200° to
2900° K was obtained by varying the oxidant-fuel mass flow ratio in
discrete steps of 1.2, 1.6, 2.0, and 2.4. The propellant flow was held
constant at 0.2 pound per second. The microwave beam was "focused" in
the exhaust, 8 to 18 centimeters below the tube end. Because of space
limitations, it was possible to use only one wavelength at a time.

‘Both wavelengths were used in measurements on the alcohol-oxygen sys-
tem, while only K-band measurements were taken on the heptane-oxygen

system.

The liquid-propellant burner was used to establish the feasibility
of using the microwave apparstus.on such types of flemes and to obtain
daeta on the rapid fluctuation of temperatures in flames.

The salt used, NaIl, was introduced directly into the fuel. The
salt was easily soluble in the alcohol, but not in heptane. Thus, it
was necessary first to dissolve the Nal in acetone and then to suspend
this solution in the heptane. Other alkali salts were tried with
unsatisfactory results as to mixing. Since from prior experiments an
unknown amount of sodium salt contaeminated the alcohol-oxygen flame,

equation (C2) was used in determining the temperature.

3109
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Temperature measurements were also made in the upper part of the
tube for an oxygen-alcohol flame by sodium-line reversal (ref. 13) and
at the level of the microwave beam for the heptane-oxygen flame by the
two-color pyrometer system (ref. 14).

EXPERTMENTATI, RESULTS
Blast Burner

Determination of correction for electron distribution. - Typical
data taken with an lonization probe and with a thermocouple probe are
shown in figure 10. From averages of such curves the shape of the
electron-density curve (fig. 3(a)) was determined. The sbsolute magni-
tude of the curve was determined by equating the area integral of the
normalized electron density curve to the average electron density cal-
culaeted from the measured gas flow, salt flow, and sodium-line reversal
temperature. The ratio of the maximum electron density to the electron
density, assuming a homogeneous distribution of salt, was found to be
0.55. Pram this curve, the geometry correction for the specific case
of the blast burner flame has been determined as shown in figure 5(a).

A partial experimental .verification of equation (8) for absorption
by a finite-glze £lame was found by means of measurements in the X-band
reglon with no lenses, one lens, and two lenses. The ratios of experi-
mentally measured attenuations for these three conditions were
0.64:0.77:1.0, respectively, while calculations by means of figure 5(a)
predicted ratios of 0.40:0.80:1.0. The discrepancy in the results
when no lenses were used is due to the inability of the correction to
compensate fully for such a lerge ratio of X/R.

Determination of collision frequency. - From simulteneous attenna-
tion readings on the blast burner in the region T = 2200° K, the ratio
of v for the X-band microwaves to y for the K-band microwaves, after
correction for beam size, wag found to be equal to 1.65. Insertion of
this value in equation (3) along with known values of the microwave fre-
quencies gave a value of g=1.9X1011 gec-l. This value may be compared
with the kinetic theory value of g= 0.8x101L gec-t (eq. 3), the one
determined from the electron mobility (eq. (Bl4)) as used by Wilson
(refs. 11 and 15) in fleme ionization studies of g=5.9%1011 gec-1l, and
the one determined experimentally from microwave attenustions by Belcher
and Sugden (refs. 1 and 2) of g«0.9x101l gsec-l. 1In the region
0.8=101! < g < 2x1011, X-band attenuation readings are fairly insensi-
tive to the collision frequency g, while the X-band attenuation in this
same reglon is gpproximetly proportional to l/ g-

In extending the value of collision frequency to other temperature
reglons beyond that 1n which measurements were made, 1t was assumed that

g °<p//\/'fF as in equation (4).
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Determination of effective ilenization potential. - The total-
pressure profiles of 27 different flames were measured. From these pro-
files and the temperature profile (fig. 10), the integrated volume flow
rate was obtained as a function of the sodium-line reversal temperature
(fig. 11(a)). The value of 2R was found from flame-width measurement
by three methods and is shown in figure 11(b) as 5.7 centimeters.

The theoretical attenuation coefficient at 2000° K for the accepted
ionization potentials (ref- 16) was calculated. From average values of
the K-band attenuation at 2000° X, the effective ionization potentials
were found from equation (6) and are shown for four elements (cesium,
rubidium, potassium, and sodium) in table I. Also shown are the values
found by Wilson (ref. 16) and Belcher and Sugden (ref. 2) using the g
employed in thelr writings and using the g of this report. The effect
of changing the g 1is to ralse Wilson's results by gbout 0.4 ev and to
lower Belcher and Sugden's value by gbout 0.2 ev.

It can be seen from table I that sodium seems unaffected by flame
chemistry or disequilibrium and that the stronger the binding of the

electron the smaller are the effects.

From the experimentally obtained ionization potentials for cesium,
rubidium, and potassium and the accepted value for sodium, the micro-
wave temperatures were obtained by the procedure outlined in appendix
E. The resultant temperatures are plotted against the sodium-line
temperatures in figure 12.

From figures 11(a) and 11(b) the probable errors in atom density
and fleme width are AN/N=10.10 and AR/R=10.15. The uncertainty in
the sodium-line reversal temperature was taken as AT/T=10.0l. Vhen
these values and the values of the parameters gq3, B, and C are

inserted into equation (D6), the average deviation expected between
sodium-line reversal temperatures and microwave temperatures should
renge from about +35° K at 1900° K to about +70° K at 2400° K. Of the
K-band and X-band points, 81 and 67 percent, respectively, in fig-

ure 12 feall within these limits. However, there is a small systematic
error in the X-band tests. It is suggested that this error is probably
due either to failure of the theory to correct the attenuation completely
for flame geometry in the higher attenuation regions or to the strong:
dependence of the X-band attenuation on the electron collision frequency.
Thus some of the advantage that an X-band system enjoys due to larger
end more avallable components is offset by the larger beam size and the
collision frequency dependence.

As is seen from figure 12, there is no apparent dependence of the
ionization potential upon the oxygen-nitrogen retio in the fleme. It
can be concluded that sodium can be used in a hydrocarbon flame with
the accepted value of the lonization potential in Saha's equation.

3109
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Liguid Propellant Burmer

Mean tempersture measurements. - In the case of the liquid propel-
lant burner, fewer individual measurements were made than for the other
burners. The flame width measured from photographs was 7.6 centimeters.
The flame velocity calculated from high-speed photographs of a screaming
condition and from the frequency response (eq. (9)) was 3X0% centi-
meters per second, giving a flow rate of 1.36X106 cubic centimeters per
second. If an average molecular welght of the exhaust gas of 15 is
essumed, a flow rate of 1.2x106 cublc centimeters per second is found
from the propellant flow rate. A value of 1.3x106 cubic centimeters per
second was used in the computetions. The amount of salt placed in the
fuel varied from 0.4 to 1.0 grams in 4000 cublc centimeters of fuel.
Atomic densities in the exhaugt varled from 1.0 to 1.7>1013 atoms per

- cubic centimeter. The temperature measurements on the oxygen-alcohol

burner shown in table II were found by averaging the results of micro-
wave voltmeter readings of numerocus runs for given fuel-oxygen mass-flow
ratios. The average difference between the two results is 60° K. Use

of the classical collision frequency of g= O-BX10;|-1 raigses the differ-
ence between the two results to sbout 200° K, well outside the experi-
mental error. On the oxygen-heptane burner, averages over short,
randomly-spaced intervals were teken by use of the cathode-ray oscillo-
scope apparatus. The results for K-band microwaves are compared with
average '"two-color" measurements in figure 13.

Measurement of temperature fluctuations. - When the crystal output
wes conmected to the plates of a cathode-ray oscllloscope, the rapid
fluctuations in the attenuation could be observed. Use of equation (9)
ghows thet X-band microwaves would be unsatisfactory in measuring fluc-
tuating temperatures in this flame; therefore only K-band data were
taken. A test was made to declide whether the fluctuations were primarily
due to temperature changes or to salt density changes. The test was
based on the fact that, with a low concentration of cesium salt in the
fleme at the temperasture of the liquid-propellant burner fleame, the salt
would be almost totally ilonized and any large varistion in the attenmua-
tion would be attributable to flow variations. This experiment was
performed and yielded only small attenuation variations at those fuel
mixture settings at which injection of sodium salt yilelded violent atten-
uation fluctuations. These results indicated that the observed attenua-
tion fluctuations were due almost entirely to temperature fluctuations
and not to changes in the gas flow rate.

Figure 14 shows measurements on the heptane-oxygen burner of temper-
atures obtained by K-band microwave attenuation measurements, and by the
two-color pyrometer. Also shown are simultaneous sound-intensity meas-
urements teken with a microphone 15 centimeters away from the burner. As
the response of the microphone for the conditions used is not definitely
known, the microphone deta are included only to show that screaming
conditions existed during the measurement.
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If both the mean temperature and the measured change in attenuation
are estimated to be accurate within 2 percent, the error in the change
in temperature 1s 4.5 percent. Figures 14(a) aad 14(b) represent condi-
tions of screeaming at 1000 and 3000 cycles per second, respectively.

The two-color instrument shows higher frequency fluctuations than the

microwave instrument because the latter averages over a volume 100 times
as great as that covered by the former. Two longer measurement periods
are shown in figure 15 for the sound and K-band microwaves. Additional

data may be found in reference 14

In the figures the flow rate and the flame radius were assumed
constant for the microwave data, and no correction was made for the fre-
quency response to attenuatlon fluctuaetions. Taking the effect of these
into account, 1t is estimated that for 1000 cycles per second screaming
the temperature peaks are 20° K low, the valleys 20° X high, and no
change occurs in the rest of the curve.

Effects of Add.itio:; of Salt Solutions on Flames

The aadition of the water-salt solution to the blast flame was
observed to change the reglon of fleme stabllity and to change the flame
sound. The effects could negrly be duplicated by usling a pure water

spray.

When alcohol and oxygen were used in the liquid-propellant burner,
the addition of salt had no noticeable effect on the flame except to
color it yellow. In ‘the case of heptane-oxygen, the addition of acetone
in which sodium lodide was dissolved was found to have a decided effect.

With no acetone, steady screaming was observed only at an oxygen-fuel
mess-flow ratio O/F = 1.6; with 3 percent acetone in the fuel, screem-

ing was observed at O/F = 1.6 and 2.0. With 8 percent acetone, the
burner screamed at O/F = 1.2, 1.6, 2.0, and 2.4. The amount of acetone
used in the temperature-determinstion experiments was always 3 percent

or less.

CONCLUSIONS

The following conclusions may be drawn from the experimental and
theoretical investigation of flame temperatures by microwave absorption:

1. Theoretical computations indicate that microwave attenuations
can be used as a measure of both mean and rapidly fluctuating tempera-
tures, with little dependence upon gas flow. Experimentel studies verify
these computations within the error of the measurements. Over the range
used, the theoretical sensitlvity of the attenuation to temperature was
estimated to be 5 to 15 times larger than the sensitivity to any other

fleme parameter.

3109
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2. The experimentally obtained collision frequency for electrons
was found to be approximately 1.9x1011 reciprocal seconds at a tempera-
ture of 2200° K.

3. The ionization of sodium seems unaffected by flame chemistry,
and the accepted value of the ionization potential may be used. The
elements cesium, rubidium, and potassium may be affected by flame
chemistry in such a way as to necessitate a calibration by adjusting
the values of the lonization potentials. The ionization potentials seem
to be independent of the nitrogen-oxygen ratio of the flame.

4, The attenuvation formula for an unbounded sheet has been extended
to include finlite flames. Suitable corrections can be made for the size
of the flame if the flame diameter is 60 percent or more of the beam
width. Smeller flames introduce serious errors.

5. Microwave temperatures can be read from oscilloscope records by
use of a reference scale. Over a temperature span of 600° K (the mid-
point depending on the salt used) the variation of intensity with tem-
perature is almost linear. Over this linear range the temperature will
be accurate to within about x60° K and changes In temperature can be
measured within +5° K or 4.5 percent of the temperature difference,
whichever is larger. The range of the instrument may be increased by
the use of a meter with linear decibel scale.

6. The use of K-band radiation was adventageous because of the
smaller beam size and the insensitivity of the attenuation to electron
collision frequencies.

7. The effect of the addition of the required quantity of salt to
the flame has no effect on the combustion properties. However, if addi-
tional material is added as a solvent for the salt, the burning may be
affected drastically.

Lewls Flight Propulsion Laboratory
Nationel Advisory Committee for Aeronautics
Cleveland, Ohlo, May 26, 1954
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APPENDIX A

SYMBOLS
The following symbols are used in this report:
attemuation, A = 2Ry = 27
corrected attenuation, A, = Zch
parameters
velocity of light in vacuum, 2.998<10° m/sec
molecular diameter
electric field strength along the y axis
electronic charge, 1.602x10™1° coulomb
function in Saha's equation
viscous damping coefficient (collision frequency)
magnetic field strength‘
intensity of the microwave beam
ionization probe current

current density

N

"Boltzmann's constant, 8.628x10°5 ev/%K or 1.380x10716 erg/°K

electron mass, 9.107x10-51 kg

number of atoms (per unit volume) furnishing free electrons
number of free electrons per unit volume

number of positive ilons per unit volume

microwave power

gas static pressure
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ny)Z

wl

ionization potential

specific measured flame radius (fig. 2)

radial distance vector

absolute temperature

time

electron mobility

flame velocity

ionlzation probe potential

salt mass flow rate

distance vectors

one-hglf mean width of the microwave beam

phase constant

attenuation constant

pover attenuation coefficient for an infinite flame
power .attenuation coefficient for finite flame, db/cm
electrical permittivity

permittivity of free spéce, 8.85x10-12 farad/meter
propagation constant, x = a + ip

magnetic permeability

permeability of free space, 1.257x106 henry/meter
cyclic frequency of fluctuation

cyclic frequency at which the measurement is down 1 db
electrical conductivity

angular frequency of radiation
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Subscripts:
0] initial conditions

1,2,3 used to denote separate conditions appearing in the same

equation

60TE



60TE

NACA TN 3254 17
APPENDIX B

DEVELOPMENT OF ATTENUATION EQUATIONS
The following equations are developed in the same sequence as those
in reference 4. All units of electrical measurement are rationalized
units.

The differentlial equation for & plane wave propagating in the z-
direction in an unbounded medium is:

¥E _ . dE _ _JE _
o o

The equation for H is identical.

If the electromagnetic wave is harmonic in time propageting in the
positive z-direction, then the solution of (Bl) is given by:

E = Eg exp (-Jat + Joz - Bz) - (B2)
where
%2 = ped? + Juow = (a + B2 (B3)

and « 1s the phase constant and B is the amplitude attenuation
constant.

The equation for the displacement of a free electron in a polarized
electric field is:

) .
m%%+mgg-%=eEoe@ (- dost) (B4)

where y d1s the displaceﬁent of the electron from equilibrium and g
is a viscous demping factor. The steady-state solution of (B4) is then:

g - Jjo am

If there are n free electrons per unit volume, the meximum current
density J dis:

2
- (-2 _E
J—De%_<g-jm>m (B6)
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since J = oBE, it follows that

quv

n

T ®7)

o

Assuming both & ="&q and p = pgy, insertion of the value of ¢
from (B7) into equation (B3) yields B as:

/2

2,2

B=0lL(1-8)|-1+4[1+ 278 (B8)
where
2
- e 1 (BQ)
me (wz + g2>
For $#<<1, by means of the binomial expansion,
. B2 @

p~ &2 (1 + 2) (B10)

In the wavelength and concentration range of interest, B can be
further spproximated by

g _ et ng
P2 ~“Zmes 21 ol (A1)
Since
E < ¢ P2

or

P = PO e_zBZ = PO e'YZ

insertion of numerical ~va.lues for e, ¢, m, and &5 in the proper units

yields

T~ 0.4559& (Blz)
F + &

3109
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where Yy 1s in decibels per centimeter, n is in electrons per cubic
centimeter, end g is in reciprocel seconds. Equation (Bl2) may be used
up to the region vy # 5 for K-band microwaves and 7y ®* 10 decibels per
centimeter for X-band microwaves.

The d-c mobility is defined in reference 7 as
sh 1
Ue=gF - F (B13)
Substituting from equation (B6) and setting g>>w

U, © (BL4)

e
e ®gm
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APPENDIX C

SAHA'S EQUATION

Sgha's equation (refs. 7 and 9) for alkali elements is given by:

e 1 _ (2:@1:)3/2 T3/2 exp (ﬁ) (c1)

N-nj; \n2 kT

For a single salt in an electrically neutral flame ny; = n and equa-
tion (Cl) may be expressed as equation (5).

Of interest is the problem of attenuation measurements of a flame
which is contaminated by an unknown quantity of salt. 1In this case, two
attermuations may be measured, 1 and Tos the respective attenuations

before and after the addition of a known amount of salt. The following
equations mey be set up:

for contaminating salt in the flame

-
11 £

Nl"n.]_].: i

for contaminating salt plus known salt

(mg + n22) ma _

Ny -y

1

(mp + 1pp)(mp + mpp - myp)
Ny - 1pp
for known salt only in the flame

2
23 _ .
W, - 0,z 2
Nz - D23

fa

where the first subscript refers to the salt and the second to the at-
tenuation reading. -

Iy + Dop x ¥y

DTy
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21
" Defining
O.455n23g
T = —— O
5 82 + (1)2
and defining
fz -+ o
£ 1yy ® A/Gf; and nyz * A/NoT,, then
TIZL * 7% - 7% =0 (c2)
if fl = fz, then
2 4 y2 _ 42 . . 0.455g ,
TPtV - 75 == (v + 715 - 71,) £ P oa ek (c3)
if nyy'% N and npy x A/NpF,, then
T2 = 1)
2 4+ y2 - ¢2 = 42
$ ¥z - 73 Ys< o > (cs)
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APPENDIX D

SENSITIVITY OF TEMPERATURE MEASUREMENT

The following approximate formulas serve to indicate the sensl-
tivity of the microwave temperature method to changes in various para-
meters and to aid in estimating possible errors. Equations (6) and (2)
c7n be combined to give the dependency of vy on T over the region
T/N <1,

r = [/\ﬁ\l_ pl/4 e:@<- %)J w? + g? (D1)
This dependency mey be approximately represented by the proportionality
!
T < ,\/i\I_eJ@ <- KT (DZ)
also
=7, - 1/7, (p3)

Fram equations (D1) and (D2),

5T _KI ( 2D SN
F-o(z-p) (02)

3(r/r, 3(r/re
81’%:8@—3)25%* ) (ve)

where A = 2Ry. Cambining these equatlions ylelds the followlng relation
among the variations in the experimental factors which enter into a
temperature determination:

and

s wr( 2z e SN, ,B-CBR, 20 5% (D6)
T-8B71, X T-BR 1-B=

where the parameters
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o 207re)  wm
o(x/r)  T/re

are obtained from figure 5(b) and are shown in figure 6 as functions of
A and x/R. Since

and

then in terms of the salt mass-flow rate w and the flame linear velo-
clty u

—82—0
T.—

g( 2 % _ 20 SR _&v,Bdu, 2 ox (07)

2t 2K L oun b  oX
G \T-8E, "T-BR v e tT-os g

- In the range of usefulness of a single salt, q,i/kT will vary fram 20

to 30. By inserting in equation (D7) the exbtreme values of B and C
from figure 6, it is found that the range of the ratio of the semsitivity
of the attenuation to temperature to the sensitivity of the attenustion
to any other flame parameter is:

x/R Ratio of sensitivity

0.6 10 - 30
1.0 5 - 25
1.4 4 - 15
1.8 3 - 12

From these values it can be sald that in the range of attenuations where
the instrument wes used the attenuation was 5 to 15 times more sensitive
to temperature change than to any other flame parameter. The sensitivity
to flame radius becames larger with increasing E/R. From these values
it can be seen that serious errors will enter when %/R is greater than
1.4 and that ebove X/R = 1.8 the instrument is unsuited for the de-
termination of temperature.

If the temperature change AT from a mean tempersture T is to
be measured by the deviation of the attenuation AAC from the mean

attenuation Kc » then the sensitivity of the change using equation (Dﬁ)
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and assuming R, -:E, and N constant is given by

5(LA = BA
BlggT):AAc)_'_ZET__c (D8)

c T A,

vhere 8T/T 1is to be substituted from (D6).

The usual method of determining fluctuations in temperature is by
use of previously prepared theoretical curves of intensity ratio against
temperature for different values of N. If the mean temperature is
determined from these curves and the measured mlcrowave attenuation,
then by use of equations (D7) and (D8) the probable error in the tem-
perature fluctuations is given by:

sl - [ (22 25 - ) 2

c
2

2 2C %

1-B x (09)

1l~-BR

2 2
2C ©BR Swl du
I + lw + Iul +

where the &'s denote probable exrors.

If; however, an independent method of measuring the mean tempera-
ture is used then equations (D6) and (D8) yield

— 2
2+(_z@_)2 (2 _%)5% .
q_l 1 -3 Z'KT—A-C

2(c+1-:5)_5_13l2+ 2¢_ &%|?
i-8 R T-B%

2 —
+l26T

lS(AT) lz - 6(AAc)
AT T

Ahg

Since in most cases the mean attenuation is taken from a large
number of readings, the terms containing Ac may be neglected.,
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APPENDIX E

EXAMPLE, FOR OBTATINING THE TEMPERATURE FROM THE ATTENUATION

If sodium salt and K-band attenuation are used, the experimental
attenuation due to the added salt Ac may be changed to A by means

of figure 5 and the known value of x/R; A 1is divided by the flame
dlameter 2R to obtain 1, and T is found from figure 2 for the
known value of N.

If another salt and/or another microwave frequency is used, the
following example gives the procedure by which y is found as a
function of T as in figure 2.

1. The following condlitions are assumed:

Flamevolmneflowra‘be,cc/sec..................106
Salt mass F1oW T8te, EM/SEC « « v ¢ 4 v 4 v 4 e e 4 e u e . . 2.2X070
() (K-ba-nd. miCI‘OW&VEB) e o e o o s o o * e e °o 9 e e 8 o o l 73x.l.o:IJ-

e e e e e e e e e e e e lelOll/\/ O/T—89’<1012/’\/-

SaJ-t used. e o o * e e o o & o o * e @ *® ® & & © ¢ & e © 82 o ® o
qi, ev . ® o e ® & ® 8 o ® &6 o @ & & o o * e e e o o * o @ & o o 5 36

MOleCUl&r "Ieigh.t ®« & s e o o o o e ¢ e 8 ¢ @ @ ¢ o+ ° ¢ o s s 1-5509

2. Find: 1 at 2800° K

2.2%.0"°x6.024.0%% 1 13

3. N = = = 10" atams of Ii/cc
108x133.9
4. log £ = 15.385 + % log 2800 - 5%%8’%% = 10.90 (eq. (5))

log £/N = -2.10, n/N = 0.089 (fig. 1)

5. r=%‘4-_5:5—§g % (ea. (2))

13.0%n/N = 1.16, db/cm

By repeating steps 4 and 5 for different temperatures, a graph similar to
figure 2 may be plotted. For kmown values of x and R, a graph of
the attentuation A sgainst the temperature msy be plotted with the

use of figure 5.
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TABLE I. - COMPARISON OF IONIZATION POTENTTIALS OF ALKALT METALS

Source Dauping Ionization potential, ev Estimated
factor,l Cs Rb K Ne. i error,
sec” ev
Accepted,
reference 16 -—- 3.87| 4.16 |4.32 [5.12 | 5.36 £0.01
Present data 1.95101 | 4.30 | 4.37 | 4.54 |5.15 | ~--~ | 10.06
Reference 15 5.9 " 3.971 4.22 | 4£.35 | 4.77 | 4£.88 ————
Reference 15 1.9 " 4,37 4.62 14£.77 [5.20 | 5.32 _—
Reference 2 g n" | e | 4.6 | == | - ———-
Reference 2 1.9 ¢ B I A R R ———

TABLE II. - MEAN MICROWAVE TEMPERATURES

OF OXYGEN-AICOHOL BURNER EXHAUST USING

K-BAND AND X-BAND MICROWAVES

Oxidant-fuel K-Band X-Band
mass-flow ratio | °K %k
1.2 2450440 | 2420+40
1.6 2490440 | 241.0440
2.0 2400+40 | 2350440 | *
2.4 2400440 | 2310440
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Figure 2. - Attenuation coefficlent vy as a function of the temperature
for K-band microwaves. Sodium salt; experimental value of g; different

values of N. v = 1.3x10~12N(n/N).
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Flgure 3. = Electron density as e function of flame radilal dlistance. Uged 1n cal-
culetion of flame gecmetry correction.
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Lateral distance from beam center line, x

Fligure 4. = Measured microwave beam intensity pattern as a function of
lateral distance x Ifrom beam center line. TUsed in calculation of
flame gecmetry correction.
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(a) Flame geometry for specific case of blast burner (see fig. 3(a)).

Flgure 5. - Corrected attenuation A, as a functlon of attenuation A
for values of the parameter X/R.
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(b) Flame width against temperature by three methods of
wildth measgurement (2R = 5.7 cm).

Flgure 11. - Experimentally obtalned flame parameters of
blast burner agalnst sodlum llne reversal temperatures.
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Figure 12. - Microwave temperature against sodium line reversal
temperature for blast burner. d )
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(b) K-band microwaves, obtained for accepted value of
ionization potential of sodium (5.12 ev).

Figure 12. - Contlnued. Microwave temperature against
sodium line reversal temperature for blast burner.

60TE



3109

vack

Cv-8

NACA TN 3254 43
240
o
250 ) i}
‘0 Cesium A H
b2 O Rubidium sl o
- A  Potassium O
[
H 2200 a s oe
B
: %
H °%
4
n]
) [m]
g 2100 ) o
g b
A
8
onm
d u| oD
2000 3 x
g b
'? o]
b ¢A 0
1900 0
2
[+)
1800 1900 2000 2100 2200 2300 2400 2500

Sodium line reversal temperature, °K

.(c) X-band microwaves, obtalned for experimental ionization
potentials for ceslum, rubidium, and potassium.

Flgure 12. - Conecluded.
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Figure 14. - Typical temperature varistions in liquid propellant buwrner.
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Figure 14. - Concluded. Typical temperature variations in liquid propellant burner.
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Figure 15. - Sound and microwave recordings of liquid propellant
burner flame.
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